INTRODUCTION {#SEC1}
============

The SCOP database is a classification that organises proteins of known three-dimensional structure according to their structural and evolutionary relationships ([@B1]). It was established in 1994 at MRC LMB and CPE in Cambridge and over the years has attracted a broad range of users, thus becoming a valuable resource in different areas of protein research.

The classification of proteins in SCOP has been constructed mainly manually by visual inspection and analysis. Like the Linnaean taxonomy, SCOP was created as a hierarchy in which discrete units, domains, were organized into different levels on the basis of their common structural features and evolutionary relationships. Depending on the degree of evolutionary divergence, protein domains were organized into families and superfamilies. These were further grouped into structural folds, which were not necessarily indicative of a common evolutionary origin and classes reflecting their secondary structural content.

The primary purpose of SCOP was to assist experimental structural biologists in the analysis and exploration of protein structures similar to their proteins of research. The wide range of protein structural and evolutionary relationships were also exploited by computational biologists for benchmarking and evaluation of protein structure comparison and prediction methods. The simple hierarchical classification facilitated the development of many tools and algorithms and it was successfully used by many applications. The database was applied to other areas of protein research such as protein structure prediction and large-scale genome analyses and annotations. SCOP has also been used for prediction of protein--protein interactions, mapping protein structure with enzymatic activity and other studies aiming to understand the complexity of protein repertoire.

SCOP has always been a research project and its value arose from the body of quality data incorporating a vast knowledge and encyclopedic expertise on proteins and their relations. Each grouping in the classification was a product of a careful, systematic analysis of protein structures and a detailed knowledge of protein function and evolution. Many distant evolutionary relationships between proteins were first discovered during their analysis for classification in SCOP. Some of these have never been described in the literature and thus the SCOP database has become a repository for many interesting research findings.

The work on SCOP 1.75 concluded in 2014 and we then initiated the development of the SCOP 2 prototype ([@B2]) in an attempt to capture new discoveries and findings or to recreate complex scenarios of protein evolution. The prototype was designed to retain the best features of SCOP and provide groupings of proteins based not only on their structural features but also on their common evolutionary origin. Depending on the degree of evolutionary divergence and structural similarity, proteins were organized into distinct levels that instead of a strict tree-like hierarchy, were allowed to form more complex multiple parental relationships. The working prototype contained only a small fraction of the available structural data pending users' feedback essential for its future development and expansion.

Here we describe the new developments and update of the SCOP database. We have developed a new version of SCOP by expanding and greatly simplifying the SCOP 2 prototype design. We have undertaken a number of efforts to improve the database schema, develop a new dynamic web-interface but most importantly, increase the SCOP coverage of PDB structures.

SCOP DEVELOPMENT AND UPDATE {#SEC2}
===========================

We have redesigned the SCOP 2 prototype schema and expanded the database by incorporating the SCOP version 1.75 data. We have further undertaken a significant update of protein structures by ensuring that the growth of the database reflects increased diversity and quality rather than solely the increase in data quantity. Our main focus was on novelty and discovery of new and more distant evolutionary relationships, particularly these that are not detectable with advanced automated methods. In addition, we have steadily continued adding new PDB entries to already existing SCOP families while concurrently revising and improving their classification. Compared to SCOP 1.75, the number of families and superfamilies has grown substantially. At the time of writing the current SCOP database contains 5058 families and 2455 superfamilies compared to 3902 families and 1962 superfamilies in SCOP 1.75 (see Table [1](#tbl1){ref-type="table"} for more details). The classification levels currently organise more than 40 000 non-redundant domains that represent nearly 500 000 protein structures.

###### 

Progress of the SCOP classification compared to SCOP version 1.75

  Number                     **SCOP 2**   **SCOP 1.75**
  -------------------------- ------------ ---------------
  ***Folds***                1388         1195
  ***IUPRs***                17           n.a.
  ***Hyperfamilies***        15           n.a.
  ***Superfamilies***        2455         1962
  ***Families***             5060         3902
  ***Interrelationships***   46           n.a.

The current SCOP classification schema has taken advantage of both SCOP 1.75 and SCOP 2 prototype, and in essence, it is a merger of these two developments. More details about the design, content and the rationale behind the current classification are provided below.

Current SCOP classification structure {#SEC2-1}
-------------------------------------

Two evolutionary levels: *family* and *superfamily* are at the heart of the current SCOP classification. *Family* groups closely related proteins with a clear evidence for their evolutionary origin while *superfamily* brings together more distantly related protein domains. As these relationships can sometimes span structural regions of different size, we provide domain boundaries for both, *family* and *superfamily* levels.

*Superfamilies* are grouped into distinct *folds* on the basis of the global structural features shared by the majority of their members. These features are the composition of the secondary structures in the domain core, their architecture and topology. Fold is an attribute of a *superfamily* but the constituent *families* of some *superfamilies* that have evolved distinct structural features can belong to a different fold. *Superfamilies* of proteins or protein regions that do not adopt globular folded structure are grouped in *IUPR*s (Intrinsically Unstructured Protein Region). Some of these proteins exist in an ensemble of different conformations or are unstructured in free state but adopt an ordered conformation upon binding to other macromolecules.

*Folds* and *IUPRs* with different secondary structural content are placed into one of the five different structural classes. These include all-alpha and all-beta proteins, containing predominantly alpha-helices and beta-strands, respectively, and 'mixed' alpha and beta classes (a/b) and (a+b) with respectively alternating and segregated alpha-helices and beta-strands, and the fifth class of small proteins with little or no secondary structures. *Folds* and *IUPRs* are also grouped based on their *protein type*, into four groups: soluble, membrane, fibrous and intrinsically disordered. Each of these types to a large extent correlates with characteristic sequence and structural features.

All classification levels in the current SCOP database are obligatory. Thus, a protein domain belongs to a family and superfamily that are organized into folds or IUPRs grouped into a particular class and of particular type.

Building up the SCOP version 2 content {#SEC2-2}
--------------------------------------

The SCOP version 2 builds on the advances in schema from the SCOP 2 prototype. To improve the database usability and facilitate the future updates, the SCOP 2 prototype design was simplified by reducing the levels of classification to: *type*, *class*, *fold/IUPR*, *superfamily* and *family*. Most of the SCOP 1.75 classification data were directly integrated on the SCOP 2 platform. Some classes in SCOP 1.75 such as multi-domain proteins, coiled coil, membrane proteins, low resolution protein structures, peptides and designed proteins that were not true structural classes were reclassified or excluded. Most of the SCOP 1.75 domains belonging to multi-domain proteins class were reclassified in SCOP 2. If necessary, entries were split into their constituent domains that were then placed in a new or already existing SCOP fold. All folds and their constituent members belonging to coiled coil and membrane proteins classes were reassigned to their correct structural class and type thus resolving their inconsistent classification in SCOP 1.75. Entries classified in peptides and designed proteins classes were not included in SCOP 2. Prior to the integration of the SCOP 1.75 domain assignments, representative structures were selected on the basis of their coverage of UniProtKB entry, resolution, number of visible residues etc. Boundaries of all SCOP 1.75 domains were assigned to representative PDB and UniProtKB entries that resulted in a refinement of many domain definitions. Following the merger, the SCOP database was updated with representative protein structures prioritising those belonging to Pfam families containing structurally characterized proteins that were not classified in SCOP 1.75.

Protein relationships in SCOP {#SEC2-3}
-----------------------------

Most of the protein relationships in the current SCOP classification are trivial and can be described as a hierarchical tree in which protein family and superfamily domains are grouped according to their structural similarity and evolutionary divergence and their boundaries correlate with each other (Figure [1](#F1){ref-type="fig"}). Some protein relationships in the classification can be more complex but these are limited to two possible scenarios. The first scenario is when a family domain spans two or more structural domains each of which belong to a distinct superfamily, e.g. the combination and arrangement of these domains evolved within, and is typical for this family of proteins (Figure [2](#F2){ref-type="fig"}). The second scenario is when a family contains domains that are topologically more similar to another distinct fold than to the fold of the other superfamily domains, e.g. the superfamily brings together evolutionary related proteins with distinct folds. The evolutionary and structural relationships of this family are non-hierarchical (Figure [3](#F3){ref-type="fig"}, [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). In summary, to a large extent the current SCOP classification is a hierarchical tree and the more complex, multiple parental relationships follow the rules described above.

![Trivial protein relationships in the current SCOP classification. These are exemplified by TrmB-like family of transcriptional regulators (SCOP ID 4000158) that are related to protein domains members of the SCOP 'Winged helix DNA-binding domains' superfamily (SCOP ID 3000034). Their classification is very similar to the SCOP 1.75 classification. (**A**) SCOP family page showing details of the node classification and annotation. A clickable ancestry chart displays the hierarchical relations between different nodes and allows navigating and exploring their classification. At the bottom of the page all relevant information about the constituent family domains is listed. (**B**) SCOP superfamily domain page of a member of 'Winged helix DNA-binding domains' superfamily (SCOP ID 3000034) showing details of its sequence and structure. On the sequence viewer both, the family and superfamily domains are displayed and demonstrate their differences. The superfamily domain is smaller than the family domain as it defines the evolutionary conserved core of this superfamily.](gkz1064fig1){#F1}

![SCOP family that comprises two domains each of which a member of a distinct superfamily. The glycoside hydrolase family 64 (SCOP ID 4004596) domain spans over two structural domains, one of which belongs to the 'Osmotin/thaumatin-like' superfamily (SCOP ID 3001451) and the other, of a novel fold, classified into its own superfamily (SCOP ID 3002495) ([@B23]).](gkz1064fig2){#F2}

![SCOP family with a fold distinct from the fold of the other superfamily domains. The 'PqqD-like' family of PQQ biosynthesis enzymes belongs to the superfamily of 'Winged helix DNA-binding domains' (SCOP ID 3000034) but it has evolved a globally different fold from the other superfamily members.](gkz1064fig3){#F3}

SCOP domains -- definitions and boundaries {#SEC2-4}
------------------------------------------

The database is now built as a classification of non-redundant protein domains. A representative is selected based on its sequence (UniProtKB) and structure (PDB) and used for SCOP classification. Thus, the SCOP domain boundaries are assigned to both, the PDB and UniProtKB entry. The manual classification of this selected representative is then automatically extended to related entries using SIFTS ([@B3]). SIFTS is a resource that provides residue-level cross-references between protein sequences in UniProtKB ([@B4]) and 3D atomic models of these proteins in PDB ([@B5]). Using UniProtKB sequence as a means for clustering provides an objective criterion for a selection of a non-redundant set of protein domains.

Domain definitions are provided for the two main levels of the SCOP classification, family and superfamily, and the domain boundaries for each of these can coincide or differ. There are two main reasons for providing different boundaries at *family* and *superfamily* level. The first is when the combination and arrangement of two or more domains is conserved within the family. The interface between these domains usually engage highly conserved residues that define a family specific sequence fingerprint. Each of the constituent domains can be distantly related and structurally similar either to other domains from functionally distinct proteins or to each other. The family domain boundaries define the conserved multidomain region whereas the superfamily domains span over the individual domains (Figure [2](#F2){ref-type="fig"}). The other reason for different domain boundaries is when the protein domain is highly elaborated with additional secondary structures forming a substructure. This substructure, however, hasn't been observed in other proteins and does not define an evolutionary conserved domain. The family domain defines the entire region including the substructure whereas the superfamily domain defines the smaller evolutionary conserved core domain (Figure [1B](#F1){ref-type="fig"}). The rationale behind these different definitions is that sequence fragments of different sizes retrieve different matches and thus sequence libraries produced using family and superfamily domain sequences can be complementary and may increase the sensitivity of sequence searches. They may also provide an alternative solution to some challenging problems particularly associated with detection and prediction of protein domains consisting of two or more discontinuous segments.

Functional and structural annotations {#SEC2-5}
-------------------------------------

Several groupings, introduced in the SCOP 2 prototype, are becoming part of the annotations in the current SCOP classification. These include hyperfamily and various relationships such as internal structural repeats, common motifs and subfolds. In addition to the classification data, we provide manual functional and structural annotations. Functional annotations are defined for families and describe the extent to which a SCOP family is functionally characterised. Additional annotation of the SCOP nodes and domains is provided using a controlled vocabulary. This allows easy retrieval of a subset of proteins with a given structural feature or automatic processing of the classification data.

New findings during the classification update {#SEC2-6}
---------------------------------------------

During the analysis of protein structures for their classification in SCOP, there were several interesting findings of previously unseen topologies and architectures, novel structural features and unexpected evolutionary relationships. Amongst these were the novel type of protein architecture observed in the β-braid fold ([@B6]) ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) and the distant evolutionary relationship between the members of the new β-prism III and Tricorn folds, both exhibiting pseudo three fold symmetry ([@B7],[@B8]) ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

SCOP AND OTHER PROTEIN DATABASES {#SEC3}
================================

SCOP and UniProtKB {#SEC3-1}
------------------

The current SCOP classification provides domain boundaries for a representative PDB structure and for a UniProtKB sequence. It relies on the SIFTS resource to establish sequence cross-reference between PDB and UniProtKB for propagation of the representative data to other entries in PDB. Providing SCOP domain boundaries on UniProtKB sequence has several advantages. It allows the exploitation and transfer of the biological annotations available from UniProtKB. It allows also to present the SCOP classification in a context of the entire protein. This may be beneficial for molecular modelling of entire proteins in large complexes as it allows easy to assemble structurally characterized parts of a protein of interest.

Undoubtedly, the biggest advantage is the generation of the SCOP sequence libraries. The sequence libraries can be easily produced using the UniProtKB sequence and thus providing a non-redundant set of protein domain sequences. This SCOP sequence library is built using only the natural protein sequences, excluding the sequences with engineered mutations, artificial inserts and sequence tags. Previously, the SCOP domain sequences were derived from the PDB files and together with the representative subsets were provided by Astral ([@B9]). We recommend our users to take advantage of the SCOP version 2 sequence libraries as they aim to address problems associated with non-natural protein sequences that can affect the outcome of sequence search results. The residue-level cross-reference between the SCOP domain sequence derived from UniProtKB entry and any PDB structure can be easily established using SIFTS.

SCOP and PDB redundancy -- representative domains and represented structures {#SEC3-2}
----------------------------------------------------------------------------

As the single worldwide repository for macromolecular structures, the PDB contains a body of data with a considerable redundancy in regard to both sequence and structure. For example clustering of PDB protein chains with more than 20 residues using blastclust and based on 90% coverage and 100% identity results in more than five-fold reduction of the set. Clustering at 90% identity reduces the data nearly ten-fold. Therefore many of the protein structure resources provide non-redundant sets of their data clustered usually by 30%, 50% and 90% identity. The disadvantage of a clustering of this type is that there is no objective selection of the cluster representative and that sequences of engineered mutant proteins or fragments of a protein can appear in different clusters than the native protein.

We deal with the PDB redundancy by selecting a representative PDB structure for a particular UniProtKB entry. The cluster of represented structures for the representative SCOP domain is then derived using the SIFTS mapping. Thus we believe we provide unbiased clustered set of the SCOP data. Those who programmatically use the SCOP data can retrieve the up-to-date conformational ensemble of PDB structures for a given SCOP domain using the latest SIFTS mapping, regardless of the database update.

SCOP and Pfam database {#SEC3-3}
----------------------

There has been a long lasting partnership between the SCOP and Pfam ([@B10]) databases. Many Pfam families originate from corresponding SCOP families, while the classification of new protein structures in SCOP takes into account their Pfam assignment. The relationship between the SCOP and Pfam families is not explicit. There are differences in boundaries and members of the families. One Pfam family can correspond to two or more SCOP families and vice versa. For example, the CDGSH iron sulphur domains (CISD), members of a single Pfam family (PF09360), are found to adopt several distinct folds ([@B11]). Each different structural type CISD is classified into a different SCOP family ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The SCOP family of RecA/Rad51/KaiC-like ATPases (SCOP ID 4004007) brings together members of several related Pfam families with very similar structures. These complex relationships between SCOP and Pfam families are due to genuine design differences and technical underpinnings of these databases. We continue annotating the mapping between the SCOP and Pfam families. These curated relationships are shown in the comment field at the family level and as a hyperlink to the Pfam database.

SCOP and SUPERFAMILY database {#SEC3-4}
-----------------------------

The SUPERFAMILY database uses a library of hidden Markov models to annotate protein sequences with structural domains ([@B12]). The HMM 1.75 SUPERFAMILY library was build using sequences of domains classified at the superfamily level of the SCOP legacy 1.75 database. Recently, the HMM 2.0 library was built to provide improved structural and functional annotations for the millions of protein sequences obtained from major resources including UniProtKB and NCBI complete genome collection ([@B13]). In addition to HMM 1.75 models, the HMM 2.0 library contained models built from the domain sequences taken from other structural classification databases such as SCOPe ([@B14]), CATH ([@B15]) and ECOD ([@B16]) as well as from the entire protein chain sequences taken from the PDB. In the current SCOP web interface, we provide a link in every superfamily page to effectively integrate the current SCOP superfamily classification with its predicted superfamily domain annotations found in all protein sequences of all genomes in the SUPERFAMILY database. The example link <http://supfam.org/allcombs/3001658> demonstrates the connection of the SCOP Ferritin-like superfamily to its corresponding genome annotations in the SUPERFAMILY database.

The work on adding HMM models representing newly classified SCOP superfamily sequences to the SUPERFAMILY HMM 2.0 library is in progress. The updated HMM library will also incorporate the changes of the SCOP classification in the SUPERFAMILY database. This addition is expected to considerably improve the structural coverage of the genomic data.

NEW WEB INTERFACE {#SEC4}
=================

The SCOP database is available over the web from <http://scop.mrc-lmb.cam.ac.uk>. A new dynamic web interface was developed allowing easy-to-navigate way of accessing the SCOP data. It has been designed to facilitate both detailed searching and browsing of the database. The SCOP search engine supports queries with free text, PDB, UniProtKB and SCOP node identifier. When browsing SCOP, there are two ways of entry into the classification: by structural class or by protein type. Users can explore the classification data by navigating through different levels of folds, superfamilies and families. The superfamily and family pages list the corresponding node annotation and their constituent domains. All relevant information about a particular SCOP protein domain is displayed on a page showing details of its sequence and structure (Figure [1B](#F1){ref-type="fig"}). A sequence viewer allows the user to allocate the SCOP domain on the entire UniProtKB protein sequence as well as to retrieve all domains for this protein, classified in SCOP. The structure of the domain is visualized using NGL viewer ([@B17]) and displayed within the context of a given PDB entry. A clickable ancestry chart allows to explore the classification of the domain and navigate through different classification levels. The domain page also provides a set of links to external resources such as CATH ([@B15]), ECOD ([@B16]), Protein contacts atlas ([@B18]), PDBe-KB and PDBe-PISA ([@B19]) as well as a range of resources for structure comparison and searches such as DALI ([@B20]), FATCAT ([@B21]), TOPMATCH ([@B22]) and PDBeFold ([@B19]) allowing users to compare and search for structural similarities using different structure comparison algorithms.

To all nodes are assigned new seven-digit unique identifiers that provide a stable reference to the database. Nearly all SCOP data are accessible via Representation State Transfer (REST) protocol. The SCOP REST API web service enables fast and easy programming language-agnostic access to the SCOP classification and SCOP domains. The data can be requested with a simple HTTP request and returned in JSON. The service is accessible at <http://scop.mrc-lmb.cam.ac.uk/api/>.

CONCLUSION {#SEC5}
==========

Since it was created, the development of SCOP has been always guided by its users feedback and needs. The automation in crystallography and advances in cryo-electron microscopy open a new era in structural biology and with it come new demands for data suitable for modelling of large proteins and protein complexes. We have considerably expanded and updated the SCOP database and implemented new features in attempt to meet some of these demands. To better serve the expanded and growing data we have developed a new user interface and API which allow to make the SCOP data readily accessible in a flexible manner. In addition to a range of new annotations, we introduced new functionalities that support relatively easy retrieval and assembly of independently determined, structurally characterized parts of proteins of interest. We shall continue updating the database and providing regular releases while working on steadily increasing the coverage of structural data and adding new functionalities to the web interface.

Supplementary Material
======================

###### 

Click here for additional data file.
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